Blast waves generated from the muzzles of various weapons might have significant effects on the operators' body, such as hearing loss. If the weapon is operated in a room, these effects are recognized as being more severe. MIL-STD-1474D, a damage risk criterion that considers the peak sound pressure level and B-duration time and is recommended by the US Department of Defense, is widely used because of its simplicity. This study introduces a numerical model of damage risk assessment based on the alternative image theory and discrete wavefront method. The alternative theory is a technique for predicting the effect of reflected waves using the image space concept, and the wavefront method is a propagation model based on the blast waveform. Sound pressure distributions inside an enclosed space and signals at specific positions were obtained using the model. Although the estimated results differ slightly from the measured ones, the waves reflected from the enclosing boundaries were effectively captured with good agreement, as expected. 
Nomenclature

A
= magnitude of blast overpressure α 1 = coefficient related to half width of Gaussian pulse B = coefficient related to negative phase of blast wave E, F = conservative variables in x-, and y-direction, respectively ε 1 = coefficient related to amplituce of Gaussian pulse η = variable related to distance between the source and the receiver γ = specific heat ratio J 0 = Bessel function of order zero k = wavenumber p = acoustic pressure disturbance (with respect to mean flow pressure, p 0 ) Q = spherical wave reflection coefficient R = distance between source and receiver related to specific image space ρ = density disturbance (with respect to mean flow density, ρ 0 ) t = time τ = duration time (A-type) U = conservative variables related to temporal derivative u, v = velocity disturbances in x-, and y-direction (with respect to mean flow velocities, u 0 and v 0 ) w = indices for each boundaries in two-dimensional rectangular space (subscribed with 1, 2, 3, 4) x, y = position of receiver inside the space in Cartesian coordinate
I. Introduction
REVENTING damage to the body of an operator is one of the most significant and difficult challenges in the development of guided weapons for indoor use. For instance, potential damage includes hearing loss and burns due to contact with either a guide or flames [1] [2] [3] . In particular, hearing loss is caused by strong blast waves that develop when a firearm is firing. However, they are a great concern indoors because they reverberate within the indoor space instead of diverging into the atmosphere, as they do when outdoors 4 . Hence, the risk that they will damage the human body is assessed by various procedures and is legally restricted according to regulations and legislation [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The damage risk criteria (DRCs) are classified into three types: waveform parameter-based DRCs, equivalent-energy DRCs, and model-based DRCs 10 . The first type, waveform parameter-based methods, uses waveform parameters obtained from the acoustic pressure signal to assess the risk. MIL-STD-1474D 6 , which was established by the United States Department of Defense, is representative of this type. Using MIL-STD-1474D, which is an advanced version of the Committee on Hearing, Bioacoustics, and Biomechanics (CHABA) 5 including a level shift corresponding to the effectiveness of hearing protection 13 , the expected number of daily exposures and the type and number of protectors are determined by the peak sound pressure level (SPL) and the B-duration obtained from the measured pressure signal. On the other hand, the second type, equivalent-energy methods, bases the assessment on the entire acoustic energy to which a person is exposed, e.g., the sound exposure level (SEL) and equivalent continuous A-weighted SPL [10] [11] . When these methods are implemented in damage risk assessment, the assessment is usually conducted using experimentally measured pressure signals. However, because it is possible to obtain different results for each experiments, the degree of damage risk has been unclear. For many years, the worst case round among all the test rounds and firing conditions was conservatively used to assess the hazard because this is a problem directly related to the human body. However, Patterson recently derived a type of post processing known as the proportional dose method [15] [16] , which may weaken and extend the conservativeness and range of utilization, respectively. To eventually resolve this problem, though, it is essential to develop a prediction model. Furthermore, the damage risk can be effectively evaluated using the prediction model considering many parameters related to the operating conditions, such as directional angle, the dimensions of the space, and the enclosing materials.
This research focuses on developing a fundamental prediction model that can simulate the propagation of blast waves generated during propellant combustion when a guided weapon is fired in an interior space and that can be applied to estimate the peak SPL distribution, which enables to the assessment of damage risk according to MIL-STD-1474D. In particular, this process might be complete in a sufficiently short time to be portable for use in the battlefield because it adopts an alternative image theory 17 and discrete wavefront method instead of the numerical schemes widely used in computational fluid dynamics and computational aeroacoustics. Section 2 describes the image space and folding method concepts, which are the principles of the alternative theory and describe the effect of reflected waves, and the discrete wavefront method, which is used as an independent propagation model. In section 3, numerical analysis is performed using the prediction model, and the accuracy, validity, and critical issues are investigated by comparing the numerical and measured results.
II. Methodologies
A. Alternative Image Theory
Image Space Concept
In the original image theory, the sound field resulting from a point source above the ground is interpreted as a superposition of a direct wave from the real source and a reflected wave from the image source. This can be applied identically to an interior problem, in principle, but the number of terms indicates the effect of reflected waves increases because there are several boundaries, unlike the situation outdoors. For instance, the acoustic pressure distribution, p(x, y), over a two-dimensional rectangular space enclosed by four boundaries is represented as follows: In this equation, Q and R are the spherical wave reflection coefficients corresponding to each boundary condition and the distance in the propagation path related to reflection(s) between either the real or the image source, respectively, and the receiver. In contrast to the sound field near the ground, the interior sound field is expressed in a longer equation than that representing the field outdoors because multiple reflections due to adjacent enclosing boundaries should be considered. In particular, if the number of boundaries enclosing the space and the maximum number of reflections increase, the number of terms included in the equation also increases. Consequently, the number of image sources required for prediction also increases.
If the alternative image theory adopting an image space concept is implemented for interior analysis, these difficulties can be resolved. The image space is an extention of the concept of the image receiver, which is the opposite of the image source, and can be determined by a simple procedure. When an interior space, represented by a computational domain, is composed of a finite number of real receivers depending on discretization, as shown in Fig. 1 -(a), a set of them can be defined as the original domain, which is called the real space hereafter. Then, the image spaces can be defined according to the relative locations of the real space and reflecting surfaces, considering the number of reflections. In other words, each image space is configured symmetrically with respect to real space on the basis of the geometrical relations between the boundaries being passed, and is uniquely determined by a corresponding set of boundaries, as shown in Fig. 1-(b) . In addition, the number of reflecting boundaries, which is the same as the number of reflections, is defined as the order of the corresponding image space.
When the maximum number of reflections required for analysis is determined, the image spaces are configured according to the procedure described above. At this time, they are sequentially arranged from low order to high order; it is also important to note that no reflections occur consecutively from the same boundary. That is, the image spaces are configured in a direction away from the real space.
Implementing the alternative image theory in terms of the image space concept for indoor sound propagation is expected to yield two major advantages. First, because the image space is obtained using both the shape of the real space and the arrangement of the boundaries and is independent of the position of the real source, an algorithm for finding the locations of the image sources is not required. Furthermore, the sound field can be intuitively examined in terms of a single source because the computational domain including both the image and real spaces is a free space, which means that no boundary condition is needed on the outer boundaries. In this study, only rectangular spaces are considered to avoid a complicated situation in which image spaces overlap one another.
Folding Method
The sound field resulting from the reflected waves is formed, and each field is expressed as an independent term in Eq. 1. Therefore, to predict the sound pressure distribution inside the space, it is necessary to aggregate not only the sound fields from the direct wave but also those from the waves reflected into the real space. In this research, this process is called the folding method.
The folding method is performed in the reverse order compared to the configuration of the image space. In other words, whereas the image spaces were generated by inverting either the real space or the lower-order image spaces with respect to their boundaries, the folding method represents the superposition of the sound fields by folding the image spaces into the next-lower-order spaces with respect to their boundaries. This process is illustrated in detail in Fig. 2 . The folding sequence is followed by inverting the highest-order image spaces belonging to the computational domain to the next-lower levels. If it is reasonably assumed that the sound field is rarely affected by the order of the boundaries it passes through, the effect of the reflections can be represented by the folding method. Consequently, the sound pressure distribution over the real space can be obtained as shown in Fig. 2-(d) .
B. Discrete Wavefront Method
The sound field induced inside the computational domain, including the real and image spaces, can be predicted by various numerical techniques such as computational aeroacoustics, the finite element method, and the boundary element method. Because blast waves are representative of nonlinear phenomena, high-order numerical schemes are needed to obtain accurate results. Consequently, these techniques inevitably require considerable time and are costly. Therefore, they do not satisfy the major objective of this research. Hence, a simple propagation model for blast waves based on previous studies is introduced.
Kinsler et al. 19 defined a blast wave as a spherically expanding shock front that propagates out into the quiescent atmosphere. From a different perspective, it is thought that a blast wave moves away from a source with similar speed in all directions. This can be verified by acoustic pressure signals, as shown in Fig. 3 . These are the normalized acoustic pressure signals measured 2 m [ Fig. 3-(a)] and 6 m [Fig. 3-(b) ] from the source at 25, 40, 55, 70 and 90° relative to the line of combustion jet flow when a missile was launched from a guided weapon. Each of the five blast waves measured at the same distance was captured at almost the same time regardless of the directional position. Therefore, it is reasonable to conclude that blast waves propagate outward with nearly the same speed and maintain their spherical shapes. If the effect of fluctuations generated by combustion jet flow on the peak SPL distribution can be ignored, the blast wave might be simplified according to the following waveform equation 
In Eq. 2, τ is the A-duration time 8 , and A and B indicate the magnitude of the blast overpressure and a coefficient related to the characteristic of negative phase duration, respectively. Figure 4 shows the simplified blast wave according to Kinsler model 19 described in Eq. 2, with A = 10,400, B = 0.8, and τ = 0.001, compared with the measured acoustic pressure signal. According to Fig. 4 , although the section where the first and principal peak is formed was coincides with the measured signal, the other part, especially negative phase duration, did not. This discrepancy results essentially from the difference in the interior ballistics mechanism between typical rifles and the guided weapon. Nevertheless, because it is reasonable to assume that the peak SPL is rarely affected by the negative phase, the blast waveform depicted in Fig. 4 was used in this study.
Next, the blast wave zone corresponding to the blast waveform can be established and is divided into a finite number of discrete wavefronts at regular intervals, as shown in Fig. 4-(a) . The wavefront is described by two different definitions 21 . The first definition is a surface of constant phase in a single-frequency progressive wave field, and the other indicates a propagating surface of discontinuity across which an acoustic variable (e.g., the pressure) changes by a vanishingly small amount. This study adopts the second definition. Theoretically, a set of discrete wavefronts for the waveform in Fig. 4 can be obtained, as shown in Fig. 5-(a) . If a three-dimensional space is considered, the spherical wavefronts shown in Fig.  5 -(b) might be configured. These steps are required to interpret blast wave propagation into a medium as the forward movement of each wavefront in the propagation direction. Under these circumstances, the speed and direction of an arbitrary point on the wavefronts are determined in terms of the mean flow velocity and speed of sound at that position according to Huygen's principle 22 . In this study, it was assumed that information about the relative position in the blast wave zone and the acoustic pressure were assigned to each wave front, and they advanced with the same speed and maintained the initial intervals. For example, when a blast wave in three-dimensional space is considered, the movement of wavefronts described as spherical surfaces can be presented as expansion of concentric spheres. Simultaneously, as the wavefronts expands, the acoustic pressure on their surfaces is attenuated because of geometrical divergence.
III. Results and Discussions
A. Validation for the Alternative Image Theory
To validate the alternative image theory, numerical analyses in two-dimensional space were performed, and the results were compared to those using another numerical scheme in which an analytical solution is used as a wave propagation technique instead of the additional scheme. Figure 6 -(a) shows a rectangular space divided into a 150 by 100 mesh. Because the wall boundary condition was applied to the lower boundary, the computational domain can be configured as only a single first-order image space. The boundary was assumed to be a perfectly reflecting surface; consequently, the reflection coefficient was considered to be unity. The simulation used an optimized fourth-order central-difference scheme, the so-called dispersion-relation-preserving (DRP) scheme developed by Tam, and a fourth-order Adams-Bashforth method, which correspond to spatial and temporal differential schemes, respectively. A governing equation, the linearized Euler equation for two-dimensional disturbances used in the analysis and its conservative variables are as follows Small-amplitude disturbances, including those in density ρ, velocities u and v, and pressure p, which were nondimensionalized by using the proper scale values, are superimposed on a uniform mean flow of ρ 0 , u 0 , and p 0 . In this study, it was assumed that the velocity in the x direction is zero, and the density and pressure are unity. Then, the initial conditions was imposed, and subsequently, numerical analysis was conducted by applying the DRP scheme [23] [24] . The initial conditions consist of a Gaussian pulse described as follows:
In this case, the coefficients ε 1 and α 1 , were 0.01 and (ln2)/9, respectively. The analytic solution corresponding to the governing equation, Eq. 3, and the initial conditions is expressed as follows [23] [24] :
In Eq. 4, η = (
, and J 0 is the Bessel function of order zero. The acoustic pressure distribution over the entire domain, including the image space, was simulated by applying the analytic solution and those in the image space were inverted into the real space using the folding method. Then, the resulting distribution inside the twodimensional space, with a single reflecting surface, can be obtained for a specific time. Figure 7 compares the numerical results from the DRP scheme and the alternative theory. It shows the pressure distributions at the cross-sectional position (A-A′) in Fig. 6 -(a). They were captured consecutively at the normalized times 38, 50, 55, and 70 as predicted by the alternative image theory and the DRP scheme. The numerical results obtained by these two methods agreed perfectly. Therefore, we conclude that the alternative theory can be applied to interior analysis including multiple reflections.
B. Interior Analysis
The alternative theory was implemented in an analysis in three-dimensional space, and the results were compared to acoustic pressure signals measured at specific locations during experiments. Figure 8 shows the dimensions of the space, which is 35 m 3 in volume, and the locations of the source and microphones. Although the side walls contained launch and monitoring windows and a rear door, which was open, when the experiments were conducted, it was assumed that the entire boundaries were closed and the reflection coefficient was unity in the analysis. Likewise, the effects of the missile guide and instruments were ignored. Finally, because the maximum number of reflections was set to three, the computational domain was composed of 63 image spaces and the real space.
The discrete wavefront method introduced in section 2 was used as the propagation model. The waveform shown in Fig. 5-(a) was adopted, and a set of spherical wavefronts was developed according to this waveform. They were also used as the initial conditions, which were arranged with respect to a wavefront corresponding to the maximum peak located 0.2 m from the source. Subsequently, the initial directivity pattern was modified according to the angular acoustic overpressure distribution relative to the line of turbulent jet flow estimated by the least square method according to the signals measured during exterior experiments, assuming axisymmetry. It was also assumed that the wavefronts propagated with the same speed, 340 m/s, regardless of their location. Furthermore, the geometric divergence and atmospheric absorption, which are considered to be significant attenuation terms during propagation outdoors 25 , were imposed as linear effects and could be ignored. Under these conditions, the results shown in Figs. 9 and 10 were obtained using the alternative image theory and discrete wavefront method. Figure 9 shows the acoustic pressure distributions estimated at a height of 1.2 m inside the space and at certain numerical steps (a) 100, (b) 250, (c) 550, (d) 800, (e) 1250, and (f) 1800. As expected, the blast waves propagated radially into space and were reflected when they arrived at the boundaries. In particular, the waves reflected by the floor and the ceiling were captured very well. Figure 10 compares the acoustic pressure signals predicted in this study with those measured at the positions of microphones (A), (B), and (C) in Fig. 8 . They were normalized by the maximum value of the measured acoustic pressure at each measurement position. To verify the accuracy and validity of the prediction model, first, from a qualitative point of view, the locations of shock fronts observed in the predicted signals were compared with the measured ones. The predicted results cannot be said to agree with the measured signals because the effect of turbulent jet noise was not considered. Nevertheless, the locations of wavefronts corresponding to the shock waves reflected by the enclosing surfaces coincide moderately well with those in the measured results. Thus, the alternative theory and the discrete wavefront method can simulate the propagation of reflected waves inside an enclosed space. Needless to say, there are obviously significant quantitative differences that cannot be ignored. In particular, the rarefactions observed in all of the predicted signals seem to be overestimated. This discrepancy seems to originate in the blast wave model used in the analysis (Fig. 4) . Because the waveform agrees well regarding the peak of the positive phase duration but not that of the negative phase duration, overestimated rarefaction might be predicted when the negative phase converged at a certain point. Furthermore, other assumptions imposed in this study, such as a homogeneous atmosphere (i.e., a constant speed of sound and linear geometric divergence effect), might affect the predicted results. In addition, the directivity pattern adopted from the least square method could contribute to contamination of the numerical results. 
IV. Concluding Remarks
In the present study, the propagation of blast waves inside an enclosed space was simulated by the alternative image theory and discrete wavefront method. In particular, it is remarkable that its validity and ability to investigate the propagation of blast waves, which are representative of nonlinear phenomena, were verified using a simple and efficient method. The numerical results of these methods also suggest their potential. Although the effects of the surface boundary and nonlinearities received little attention in this research, they will be considered in future works, which is expected to increase the accuracy of the prediction model.
